Several models have been proposed to suggest how the evolution of sex-determining mechanisms might contribute to speciation.
Because of their spectacular diversity, the cichlid fish of East Africa have figured prominently in debates about the mechanisms of speciation. Independent radiations have produced morphologically and behaviorally diverse flocks of several hundred species in each of the major rift lakes (Turner et al. 2001) . The extraordinary radiation of haplochromine cichlids in lakes Malawi and Victoria has occurred in the last million years (Meyer et al. 1990; Kocher et al. 1995; Verheyen et al. 2003; Genner et al. 2007 ). These species flocks provide a rare opportunity to study speciation occurring in nearly historical time (Kocher 2004) .
For much of the last century, studies of the mechanisms of speciation focused on the gradual accumulation of DobzhanskyMuller incompatibilities in allopatry. Classical allopatric speciation has clearly been important in the radiation of many groups (Mayr 1963) . A high degree of population structure, together with a long history of lake-level fluctuations, has likely created opportunities for microallopatric speciation in African cichlids. Surveys of microsatellite variation have shown that Malawi cichlid populations are structured at extremely fine (<1 km) geographic scales and typically exchange only one migrant per generation (van Oppen et al. 1997; Arnegard et al. 1999; Danley et al. 2000; Rico and Turner 2002) . However, accumulating evidence suggests that natural selection also plays an important role in speciation (Schluter 2000) . There is substantial evidence that strong ecological selection has created specialized feeding morphologies in African cichlids (Albertson et al. 2005) , and may have contributed to the emergence of new species (Danley and Kocher 2001) .
SEXUAL SELECTION
Sexual selection is another powerful force that has been postulated to contribute to speciation (Lande 1981; Ritchie 2007) . Sexual selection is particularly strong in haplochromine cichlids because of an unequal investment in parental care. Females lay large eggs and after mating do not feed for three weeks while they mouthbrood their embryos and larvae without help from the male. This skewed parental investment leads to strong intersexual selection as females carefully select their mates. It also leads to strong intrasexual selection on males, who compete fiercely for mating territories. The intense competition for mates may be the reason why males have evolved diverse gaudy color patterns, while females are typically inconspicuous. A recent phylogenetic analysis suggested that there have been more than 250 evolutionary transitions among a handful of core color patterns in Lake Malawi cichlids (Allender et al. 2003) . Fish with similar color patterns collected from different regions of Lake Malawi are not closely related, indicating multiple regional radiations of the same color forms (Smith and Kornfield 2002) . Sensory drive has been implicated in the evolution of male nuptial colors during speciation of the closely related flock of cichlids in Lake Victoria (Seehausen et al. 2008) .
Stimulated by empirical results on the segregation of sex and color patterns in Lake Victoria cichlids, Lande et al. (2001) proposed two models of speciation based on sexual selection and evolution of sex-determining mechanisms. The two models postulate the invasion of an XY sex-determination system by a novel dominant female allele (W). The models also included an unlinked recessive suppressor of the W, an unlinked locus controlling mating preference, and a novel color mutation linked to the W chromosome. Their analytical results suggested possible mechanisms for repeated sympatric speciation through the rapid evolution of color, mate preferences, and sex-determining genes.
SEXUAL ANTAGONISM
Sexually antagonistic coevolution can arise over numerous traits related to courtship, mating, and parental investment, when the phenotypic optima are different for males and females (Chapman 2006) . Experiments have shown that intersexual genetic conflicts are numerous (Rice 1992 (Rice , 1998 . Sexual antagonism is clearly a major force shaping the evolution of the genome (Jin et al. 2001) . So far, relatively little work has explored the impact of sexual antagonism in the evolution of cichlid fish.
Theoretical work has explored the conditions under which sexual conflict can promote the evolution of new sex chromosomes (Bull 1983 ). These models begin with an autosomal locus segregating alleles that have different relative fitness in males and females. Selection will favor an increase in frequency of any new sex-determining loci that are tightly linked to these autosomal alleles. Under some conditions, both old and new sex-determining loci remain polymorphic in the population (van Doorn and Kirkpatrick 2007) .
GOALS OF THIS STUDY
The first goal of this study was to determine whether Lake Malawi cichlids have a predominantly genetic mechanism for sex determination. There is evidence for both environmental (Romer and Beisenherz 1996; Baroiller et al. 2009a ) and genetic (Devlin and Nagahama 2002; Cnaani et al. 2008 ) sex determination in tilapiine cichlids. In Malawi cichlids, published data have not provided evidence for morphologically distinct sex chromosomes (Kornfield, 1984) , but there is some evidence for genetic sex determination in a few species. Albertson (2002) identified a dominant male sex-determining locus on LG7 in an intergeneric hybrid cross. Streelman and colleagues (2003) mapped a dominant female sexdetermining locus linked to the orange-blotch (OB) color polymorphism on LG5.
The second goal was to determine whether the sexdetermining mechanism differs among closely related species. We surveyed a number of species, focusing on the diverse genus Metriaclima. We wanted to know if both male (XY) and female (ZW) heterogametic sex-determination systems exist, and whether closely related species differ in their mechanism of sex determination, consistent with a possible role in speciation.
Materials and Methods

SPECIES AND STOCKS
Single-pair crosses were made for 19 species of Lake Malawi cichlid in our tropical aquaculture facility (Table 1) . Each aquarium contained a single male and between one and 15 females. Because Lake Malawi cichlids are maternal mouthbrooders, it was possible to collect the progeny of individual females 1-5 days post fertilization. Caudal fin samples were clipped from the parents at the time of embryo collection for subsequent extraction of DNA.
REARING AND SEXING
The embryos from each female were reared together in a small container until they had absorbed their yolk. They were then transferred to increasingly larger tanks and grown to sexual maturity. To maximize the number of fish raised in our facility, families of two to six species with distinct color patterns were sometimes grown together in the same tank. We added dither fish (e.g., Oreochromis mossambicus) to aquaria containing the more pugnacious species to diffuse aggressive interactions.
At maturity, each family was anesthetized using tricaine methanesulfonate (MS-222) and sacrificed to obtain phenotypic data. The standard length, color, and sex of each individual were noted. Gonads were examined using an acetocarmine squash procedure to identify spermatocytes or oocytes (Guerrero and Shelton 1974) . Finally, a caudal fin clip was taken from each individual and stored in 100% EtOH at −20
• C until processing for DNA extraction.
MICROSATELLITES
Previous work in our lab detected linkage of sex to markers on linkage groups (LG) 5 and 7 in an intergeneric cross among Lake Malawi cichlids . We therefore focused our genotyping effort on microsatellite markers from these two linkage groups (Table 2 ). The markers on LG5 (UNH2139, Fisher's exact test for association of gender with markers on LG5 and LG7. The segregation of dam and sire alleles were tested separately for markers on LG5 and
LG7. Significant associations are indicated in bold letters. When a significant association was found for the ZW locus on LG5, we also tested the individuals not carrying the W chromosome (Blue or BB) for association of the LG7 XY locus. Some parents were not informative (NI) either because they were homozygous for a particular marker, or because they were heterozygous for the same alleles as the other parent. ND, not determined; NI, not informative.
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LG 7 XY c-Ski, GM264a) span a region of ∼12.2cM, and those on LG7 (UNH973, UNH2095, UNH2086, UNH2031) span a region of ∼18.5cM Lee et al. 2005) . PCR amplification of each marker was performed on DNA extracted from caudal fin clips. The size of the amplified product was determined on an Applied Biosystems (Foster City, CA) 377 DNA sequencer using GeneScan 3.1.2 software. We routinely multiplexed the separation of several markers on a single gel. Statistical analyses were performed using Fisher's exact test of independence.
Results
SEX RATIOS OF BROODS
A total of 2066 individuals in 93 broods representing 19 species in five genera were produced for analysis ( Table 1 ). The average brood size at the time of sacrifice was 22.2 animals. Offspring were sacrificed at 4-26 months of age to determine gonadal sex. The sex of 70 offspring could not be unambiguously determined. Among 613 offspring phenotyped at 4-6 months of age, 44 (7.18%) could not be definitively sexed. Among 1431 offspring phenotyped at seven or more months of age, only 26 (1.82%) could not be definitively sexed. Therefore, the optimal age for determining phenotypic sex appears to be older than six months.
Sex ratios (as fraction of males) were calculated for each family (Table 1 ). The average sex ratio across all broods was 0.38 male. Binomial tests identify many significant deviations from the expectation of a 1:1 male:female sex ratio. One family contained only male offspring, and seven families contained only female offspring. In many cases, highly skewed sex ratios prevented genetic analysis for sex linkage. Families tested for genetic associations are listed in the Supporting information.
AN XY SYSTEM ON LG7
We found strong evidence for a male heterogametic (XY) sexdetermination system in many of the families. Of the 44 families genotyped, 14 showed evidence for a pure XY system on LG7 (Table 2 and Fig. 4) . To take an example, we examine the data for a Metriaclima phaeos family (Fig. 1) . The 13 females all inherited the same LG7 haplotype from their father, while the 16 males all inherited the other paternal LG7 haplotype. The maternal haplotypes on LG7 were distributed equally to males and females. Both maternal and paternal haplotypes on LG5 were distributed equally to males and females. A second M. phaeos family also showed evidence of a male heterogametic sex-determining locus on LG7 (Table S26) .
We observed XY systems on LG7 in seven other species of Metriaclima (Table 2) . In these species, segregation of alleles at this locus explains the sex of > 90% of the individuals. For example, in M. benetos, 94% of the male progeny inherited a Y chromosome from their father (Tables S8 and S9 ). In two of four M. lombardoi families, a significant majority of males inherited the Y chromosome, while most females inherited the entire paternal X chromosome across the sex-determination interval (Tables S23  and S24 ). The male heterogametic (XY) sex-determination system was also found in the outgroups Aulonocara baenschi and Pseudotropheus polit (Tables S1 and S44 ). All females in both of these species inherited the entire paternal X haplotype.
A ZW SYSTEM ON LG5
Four species of Metriaclima showed evidence of a female heterogametic (ZW) sex-determination system on LG5 (Table 2 and Fig. 4 ). This sex-determination system is associated with a female color morph, OB, which is inherited as a dominant allele on the W chromosome. As an example, consider the family of M. fainzilberi "Lundo Island" in Figure 2 . This family has a femalebiased sex ratio, but still shows strong associations between sex and maternally inherited markers on LG5. Markers UNH2139, c-Ski, and GM264a all showed significant associations with sex. All but one female expressed the OB phenotype and inherited the entire maternal W chromosome across the sex-determination interval.
A female heterogametic sex-determination system was identified also in the outgroup Labeotropheus trewavasae (Tables S2  and S3 ) and families of several other Metriaclima species that segregate the OB color polymorphism. For example, in M. "kompakt," 13 of 18 females inherited a complete W haplotype, while most males inherited the Z allele on LG5 (Table S19) . Metriaclima callainos segregates for white-blotch, an OB-like color polymorphism, which is also associated with the ZW system on LG5 (Tables S11 and S12 ).
EPISTASIS
In M. pyrsonotus we found both of these sex-determination systems segregating in the same family. Figure 3 shows the haplotype reconstruction for the offspring of a cross of an OB female to a normally colored blue-barred (BB) male M. pyrsonotus. Both parents are heterozygous at marker UNH2139 on LG5. The maternal alleles are 169/227, and the paternal alleles are 196/202. Six of 10 female offspring inherited the maternal 169-base pair (bp) allele and are OB in color. Four females, and all of the males, are BB in color and inherited the maternal 227-bp allele. We infer that the 169-bp allele marks an OB-associated W chromosome and that the 227-bp allele labels a Z chromosome.
Further analysis controlling for the effects of the W locus on LG5 reveals that this family is also segregating the XY system on LG7. Here, we ignore the progeny identified above as having a ZW genotype on LG5 and focus on the ZZ progeny. Both parents are heterozygous at marker UNH2086, with maternal alleles 136/206, and paternal alleles 178/168. All the ZZ females inherited a paternal X chromosome with a haplotype 143-144-168-193 at UNH973, UNH2095, UNH2086, and UNH2031. All of the males inherited a Y chromosome with a haplotype of 182-154-178-137 from their father.
Cross-tabulation of these results identifies strong epistatic interactions between these loci. Individuals who inherited the W chromosome on LG5 (the 169-bp allele at marker UNH2139) are always female, regardless of the genotype for the XY locus on LG7. These females have a genotype of ZWXX or ZWXY and express the OB pigmentation phenotype. Individuals lacking the W chromosome on LG5, but carrying a Y chromosome on LG7 (marked by the 178-bp allele at UNH2086), are invariably male. These males have a ZZXY genotype and the BB pigmentation phenotype. Finally, individuals with the ZZXX genotype are mostly female and are BB in color. Interestingly, while most individuals with the ZZXX genotype are female, ZZXX males have also been identified. Similar epistatic interactions were observed in a second M. pyrsonotus family ( Table S38 ). Note that when both sex-determining systems are segregating within a single family, the expected Mendelian sex ratio becomes 1:3 (male:female).
MULTIFACTORIAL SEX DETERMINATION
In several families, the association between phenotypic sex and the known genetic sex-determining loci on LG 5 and LG 7 breaks down. Comparisons among eight families of M. pyrsonotus all sired by the same male are particularly illustrative of this point (Tables S32-S39 ). This male (number 2005-5049) has a Y sexdetermining locus on LG7 marked by the alleles 154-178-137 for markers UNH2095-UNH2086-UNH2031 (Table S33 ). This haplotype also behaves as a Y in two other broods from this male (Tables S34 and S38 ) in which the epistatically dominant LG5 W is segregating.
In the other families sired by the same male, the effect of the LG7 Y is not as clear. In these families, male progeny generally carry the sire's Y haplotype. But the offspring in three of these families were all female, despite the segregation of the sire's Y haplotype (Tables S35-S37) . Two other families (Tables S32 and  S33 ) are highly female biased and show a pattern of inheritance similar to those segregating the LG5 ZW system. However, in these two families the epistasis is not attributable to segregation of the LG5 ZW system, suggesting the presence of still another dominant ZW sex-determination locus elsewhere in the genome.
The last female-biased family (Table S39) shows a clear segregation of the LG5 ZW system epistatic to the LG7 XY locus. But it also includes some females that carry the Y haplotype but not the W.
In three families of M. kompakt (Tables S18-S20) a portion of the phenotypic males have a ZW genotype at LG5 (OB males). The idea that some M. kompakt males are genetically female at the LG5 locus, is confirmed by a family in which both parents are heterozygous for the LG5 ZW (OB) genotype (Table S20 ). Both parents of this family have a LG5 ZW (OB) genotype. Some of the female offspring are homozygous for the W sex-determining locus, demonstrating viability of this genotype. All offspring that inherit a W allele are OB, whether they inherited the W from the male (marked by a 206 allele at UNH2139) or the female (213 allele at UNH2139). Most of these W-carrying offspring are female, regardless of whether they inherited the W from the sire or the dam. However, three OB individuals are male, either due to environmental effects or an additional XY locus not linked to the XY system on LG7.
Sex-reversed individuals create opportunities to produce individuals homozygous for dominant sex-determination alleles, such as the LG5 WW individuals we identified in M. 'kompakt' (Table S20) . A parent homozygous for a dominant sexdetermination allele would produce offspring of only one sex, a possible explanation for the single-sex families in our study (Tables S5, S30 , S31, and S35-S37). Additionally, the presence of multiple independent sex-determining loci could skew sex ratios within individual families. For example, in M. pyrsonotus we identify a ZW system, and infer another ZW system, both dominant to the LG7 XY system. If a female is heterozygous for both female sex-determining loci, we would predict a sex ratio approaching 1:9 (male:female). The sex ratios of many of our individual families in that species fall near that prediction (Table 1 , Fig. 4 ). Highly skewed sex ratios in some families make it difficult to detect genetic linkage. A family of M. saulosi family was very male-biased (38M:3F) and did not show evidence for linkage of sex with markers on either LG5 or LG7 (Table S40) . Three of four families of M. fainzilberi were strongly female-biased and show no linkage with either LG5 or LG7 (Tables S15-S17). We suspect that some of these families are homozygous for LG5 ZZ and LG7 XX genotypes, and/or that one or more loci on another chromosome are contributing to determining sex. In a few cases, the strongly skewed sex ratios are associated with an unequal transmission of alternative alleles from the female parent. Segregation distortion of maternal alleles on LG7 was observed in M. barlowi (Table S7) , M. fainzilberi (Table S14) , M. lombardoi (Table S21) , and M. pyrsonotus (Tables S29 and  S37 ). The only male-biased family of M. pyrsonotus shows strong segregation distortion for one of the female haplotypes on LG5 (Table S28) . No similar distortions of paternal segregation were observed.
Finally, we have evidence that suggests species differ in whether males or females are the heterogametic sex on LG5. Two families showed evidence of an XY, rather than a ZW, system on LG5. A family of M. zebra "Nankoma" is segregating for XY systems on both LG7 and LG5 (Table S43) . A Y allele from either locus appears sufficient to determine a male fate. Metriaclima "daktari" also appears to be segregating XY systems on both LG5 and LG7 (Table S13) , although the result is not statistically significant in this small family. In these cases, it is difficult to definitively attribute XY or ZW systems to each locus, perhaps because the phenotypic sex of a parent does not match their genetic sex for a particular locus. Analyses of additional families from these species are needed to establish a clear pattern.
Discussion
GENETIC SEX DETERMINATION
This survey identified at least two distinct genetic sexdetermination systems in the Lake Malawi cichlid flock: a male heterogametic (XY) sex-determination system on linkage group 7, and a female heterogametic (ZW) sex-determination system on linkage group 5. The XY system is widespread among the species we surveyed. Many Metriaclima species, as well as the outgroup species A. baenschi and P. polit, show XY sex determination linked to markers on LG7. The ZW sex-determination system on LG5 has thus far only been found in Metriaclima and Labeotropheus species that exhibit orange-or white-blotch female phenotypes.
In M. pyrsonotus the two sex-determining systems segregate within single families. When both dominant sex-determination loci (W and Y) are present in a single individual, the ZW system is epistatically dominant to the XY system. Some individuals in these families inherit neither W nor Y. These ZZXX individuals are usually female but can also differentiate as males, possibly due to the segregation of additional sex-determining loci.
Although it is not yet possible to definitively determine which sex-determining system is ancestral, evidence points towards the LG7 XY system. In our sample, more species have a LG7 XY system than a LG5 ZW system (10 vs. five species) and two of three outgroup species (A. baenschi, P. polit) are LG7 XY. In the third outgroup species, L. trewavasae, we were only able to test families from an OB dam segregating the LG5 ZW system. As non-OB females are common in this species in the wild, it is likely that the LG5 ZW locus is not the sole sex-determination system in the species. Another species in the genus, L. fuelleborni, appears to segregate the LG7 XY system (Albertson, 2002) . On this basis, we postulate that the XY system on LG7 is the ancestral system of sex determination.
Evidence from several species strongly suggests the presence of additional sex-determination loci and cryptic epistatic interactions. Several families showed no linkage of sex to markers on either LG5 or LG7, suggesting that sex determination is controlled by genes on other chromosomes. Known sex-determination loci are differentially penetrant across families. Multiple families from single sires produce different genotype-phenotype associations with different dams. Inheritance patterns across these families are strongly indicative of unknown, epistatically dominant sexdetermination loci segregating in the population in a Mendelian manner. Numerous families with highly skewed sex ratios also support the existence of epistatic interactions between additional sex-determining loci segregating in these species. Our sampling of species and genera was focused on the genus Metriaclima, and we have limited information on sex-determination loci segregating in other genera. We expect to find evidence for additional sex-determining loci as we broaden our sampling to related genera.
These interactions among known and unknown sexdetermining loci complicate the genetic analysis of sex determination. The presence of a sex-determination locus on LG5 or LG7 in a family may be masked if another locus is overriding its effects in a subset of the progeny. Similarly, the phenotypic sex of an individual may be determined by one locus, but it may also be segregating another sex-determination locus. For example, in M. pyrsonotus we regularly identify females with a LG5 ZW, LG7 XY genotype. These females will contribute the LG7 Y to a portion of their progeny, determining male phenotypic sex. Finally, if both the dam and the sire are segregating the same sex-determination allele, it confounds the identification of the association and direction of sex determination.
Although we believe that sex determination in Malawi cichlids is predominantly genetic, there remains room to hypothesize a role for environmental factors. These might be suspected to account for the highly skewed sex ratios in some families. However, the temperatures at which we raised the fish were not close to the temperatures known to affect sex determination in tilapiine cichlids (Bezault et al. 2007; Baroiller et al. 2009a ). The variable sex of ZZXX individuals in some families might also be interpreted as evidence of environmental influence. While we do not deny the extensive evidence for environmental effects on sex determination in fish (Baroiller et al. 2009b) , we expect that further mapping efforts will identify additional genetic loci contributing to sex determination in these species.
EVOLUTION OF SEX DETERMINATION
We have now identified at least four distinct sex chromosomes in cichlid fish. Some species of tilapiine cichlids have an XY system on linkage group 1, while others have a ZW system on linkage group 3 (Cnaani et al. 2008) . Some families of the blue tilapia have been found segregating both loci, and in these cases the W chromosome trumps the Y (ZWXY individuals are female) (Lee et al. 2004) . Extensive comparative mapping, using common marker sets, has demonstrated that the genetic maps for tilapia cichlids and Malawi cichlids are almost perfectly colinear. Therefore, the sex-determining loci we have mapped in Lake Malawi cichlids (the ZW system on linkage group 5 and the XY system on linkage group 7) are clearly distinct from the loci identified in tilapia. Although this pattern might have been created by the movement of sex-determining genes among chromosomes (e.g., associated with transposons), we think it more likely that different genes have been recruited on each chromosome for a new role in sex determination. The haplochromine cichlids of East Africa diverged from the tilapiine cichlid lineage only 10-20 million years ago (Genner et al. 2007 ). The presence of at least four sex-determining loci, and the relatively undifferentiated state of the sex chromosomes, make this group of fish an excellent model for studying the early steps in the evolution of sex chromosomes (Charlesworth 1991) , the mechanisms by which sex-determination pathways evolve (Wilkins 1995) , and the role of sex chromosomes in speciation (Presgraves 2008) .
Our data add to the growing body of evidence that the mechanisms of sex determination are highly labile in many fish lineages. For example, in the medaka (Oryzias latipes) a recent duplication of dmrt1 has created a Y chromosome from an ancestral autosome (LG1) (Matsuda et al. 2002; Kondo et al. 2004) . XY sex-reversed females are observed as the result of structural and regulatory mutations of the dmrt1bY gene (Otake et al. 2006 (Otake et al. , 2008 . There is also evidence for autosomal modifiers that create XX males (Nanda et al. 2003) . Closely related species of Oryzias have XY sex-determining loci on LG2, LG8, LG10, and LG12 (Nagai et al. 2008) . Oryzias hubbsi has a ZW sex-determining system on LG5 that has evolved since its divergence from O. dancena (Takehana et al. 2007) . Rapid evolution of sex-determination systems has been observed also in poeciliids (Volff and Schartl 2001) , salmonids (Woram et al. 2003) , sticklebacks (Ross et al. 2009 ), and tilapias (Cnaani et al. 2008) . Sex determination in the frog, Rana rugosa, is ancestrally an XY system, but ZW systems have evolved twice on the islands of Japan (Ogata et al. 2008 ).
Vertebrate sex determination is more labile than it would appear from studies of avian and mammalian lineages.
The evolution of sex-determining mechanisms is fundamentally constrained by natural selection on sex ratios (Fisher 1958) . Multiple sex-determination loci can coexist in a population if their fitness is equal. The different monogenic systems are then connected by paths of equilibria along lines of equal sex ratio (Bull 1983) . In natural populations, however, the fitness of these genotypes probably is not equal, and the polymorphisms are unlikely to persist (Rice 1986 ). The consensus of theoretical work is that multifactorial systems for sex determination are usually transient (Bull and Charnov 1977; Karlin and Lessard 1986) and will rapidly evolve toward a monogenic system with an equal sex ratio. Still, multifactorial sex determination has been described in several systems, including Xiphophorus (Kallman 1965) and Musca (Kozielska et al. 2006 ). Our results demonstrate that via dominant epistasis, one sex-determining locus can mask other underlying sex-determination systems. Sex-determination hierarchies like these are probably not unique to cichlid fish. Reexamination of species in which sex-determining loci already have been identified may reveal the segregation of additional genetic sex-determination systems.
The existence of these complex systems of sex determination also requires that we reconsider the population genetics of sex determination. Most of the existing theoretical treatments consider the evolution of multiple sex-determining alleles at a single locus (Orzack et al. 1980; Lande et al. 2001; Vuilleumier et al. 2007 ). Clearly, models in which multiple unlinked loci interact to determine sex are more relevant to the situation in Lake Malawi cichlids (Bull and Charnov 1977; van Doorn and Kirkpatrick 2007) .
SEXUALLY ANTAGONISTIC SELECTION
What selective forces can account for the rapid evolution of new sex-determining loci in these fish? A general theory is that new sex-determination loci are fixed in response to sexually antagonistic selection (Rice 1986) . Alleles that increase the fitness of one sex, but decrease the fitness of the opposite sex, create a genetic conflict which can be resolved by linkage to a nearby sexdetermining locus (van Doorn and Kirkpatrick 2007) . If linkage disequilibrium between the sex-determining locus and the sexually antagonistic allele can be maintained, the deleterious effects of sexually antagonistic selection will be reduced.
The ZW system on LG5 may have evolved more recently as a result of sexually antagonistic selection for the OB color pattern (Roberts et al. 2009 ). Orange-blotch provides advantages of crypsis in females, but reduces the mating success of males because it disrupts species-specific color patterns important in mate recognition. The OB allele is in strong linkage disequilibrium with the W sex-determination locus on LG5, providing an effective mechanism to reduce the deleterious effects of sexually antagonistic selection on this color pattern. This is analogous to the situation in guppies, where genes for male ornamental coloration are primarily found on the Y chromosome (Lindholm and Breden 2002; Tripathi et al. 2009 ).
POSTZYGOTIC ISOLATION
The diversity of sex-determining loci, and the inferred rapid evolution of gene regulatory networks underlying sexual differentiation, may promote speciation by contributing to postzygotic reproductive isolation. Hybrids between species with different sex-determining systems may produce intersex individuals with reduced viability or fertility, directly contributing to postzygotic isolation. Anecdotal results in our lab suggest that some hybrid crosses do have reduced viability, although this has not yet been traced to the incompatibilities among the sex-determining loci. Now that we have information on the mode of sex determination in each species it will be important to systematically examine the viability and fertility of hybrid crosses. Reduced fitness of some hybrid genotypes might in turn create selection for reinforcement of premating isolating mechanisms (Lemmon and Kirkpatrick 2006) .
AN EVOLVING MODEL OF SPECIATION
The unexpected diversity of sex-determining mechanisms, coupled with several other recent observations, lead us to propose a new model for speciation of the colorful cichlids of Lake Malawi. We begin with the observation that male-male competition for breeding territories is intense. Males defend permanent territories of a few square meters, and direct their strongest aggression toward other males. While conspecific territories do not overlap, the territories of congeners with different color patterns frequently do show significant overlap. Mutations which significantly alter the color pattern reduce the aggression a male receives from other males, and give him an enormous advantage in acquiring and/or maintaining a breeding territory (Seehausen and Schluter 2004; Pauers et al. 2008) .
Given the strong role that color patterns play in mate recognition and female preference, one might expect this mutant male to suffer reduced opportunities for mating. However, female mate preferences may not be hard-wired. Recent work suggests that fry imprint on olfactory cues while being brooded in the mother's mouth for the first weeks of life (Verzijden and ten Cate 2007) . The implication is that as females mature, they may use this imprint to learn the color patterns of those males emitting the appropriate olfactory cues. The females could then use the color cues to recognize males at a distance, as shown in many laboratory experiments (Couldridge and Alexander 2002; Jordan et al. 2003; Kidd et al. 2006) . Males with new color mutations are thus able to breed with an existing population of females.
We next postulate that the male color mutation has negative fitness consequences when expressed in females. Bright color elements that improve male mating success might disrupt the cryptic patterns of females, setting up a pattern of sexually antagonistic selection on the pigmentation locus. There is as yet little data on the penetrance of male color mutations in females, but anecdotal evidence from our lab suggests that hybrid females do show limited expression of male color elements. One mechanism by which sexually antagonistic selection on the color pattern might be resolved is through the recruitment of new sex-determining loci. Selection might favor the recruitment of a new Y allele tightly linked to the male color mutation that would restrict expression of the color to males. Alternatively, a mutation that suppressed the color element in females might become linked to a novel W allele in females. The result is a population segregating multiple sex determiners in linkage disequilibrium with genes controlling the color patterns. This would set the stage for reinforcement of premating isolating mechanisms.
While this model is speculative, it is consistent with published data, with the exceptionally strong forces of sexual selection acting on the rock-dwelling "mbuna" cichlids, and with the breeding biology of these fish in the wild. It suggests a variety of experiments to confirm the olfactory imprinting hypothesis, study the penetrance of novel male color mutations in females, and evaluate the linkage of color pattern genes with sex-determining loci.
In conclusion, we have uncovered a surprising diversity of sex-determining systems among Lake Malawi cichlids. This diversity has evolved recently, because the radiation of this species flock occurred over the last million years. Our results suggest that attention should focus understanding the role of genetic conflicts in the evolution of new sex-determination loci in this lineage. It will be interesting to learn how the evolution of sex determination may have contributed to the remarkable radiation of Lake Malawi cichlids.
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